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The application of 
subjected to compressive 
ABSTRACT 
fibrous composites to  aerospace structures 
loads i s  treated analytically. Fo r  boost-vehicle 
shells, axial compression loadings a r e  found t o  be low, so that efficiency 
of filament-reinforced composites for  this application depends primarily 
upon their elastic buckling characteristics. 
on the evaluation of elastic shell buckling properties of a wide variety of 
combinations of filament and binder materials in a number of structural 
configurations. The influence of filament and binder moduli, filament 
orientation, hollow filaments, and various effectivenesses of auxiliary 
stiffening a r e  considered, and the over -all weight-efficiencies a r e  compared 
with shells made from available structural metals. Results confirm the 
meri ts  of filament orientations giving isotropic elastic shell properties, 
advanced filamentary materials like boron, and hollow filaments for unre- 
inforced, monocoque shells. Especially advantageous, and leading to the 
greatest  advances over metallic construction, a r e  combinations with im- 
proved binders and highly effective auxiliary stiffening like ideal, light- 
weight sandwich cores. With such combinations, even at the low loading 
of boost vehicles, the elastic range can be exceeded, and the high-strength- 
density ratios of advanced composites may be utilized. For this regime, 
improved compression failure cri teria a r e  needed for final evaluation. 
In this study emphasis is  placed 
i 
INFLUENCE OF CONSTITUENT PROPERTIES UPON T H E  STPUCTURAL EFFICIENCY OF FIBROUS 
COMPOSITE SHELLS 
B. Walter RJsen and N o r r i s  F. Dow 
Consulting Enginc,.rrs, Space  Sc iences  Labora to ry  
Genera l  E lec t r i c  Co.,  
Introduction 
T h e  effectiveness of f ib rous  compos i t e s  f o r  
a e r o s p a c e  s t r u c t u r e s  subjec ted  t o  compress ive  
loads has  been relatively unesplored ,  yet t h r  
potential uf even present ly  ava i lab le  g lass - f iber  
re inforced  ma te r i a l s  for  c o m p r e s s i v e  applications 
can  be a s s e s s e d  as favorable ,  a t  leas: fo r  high 
loadins intensit ies.  Rega rd le s s  o f  s t ruc tu ra l  
furin,  fur high loading in tens i t ies  the s t r u c t u r e  
should achieve s t r e s s e s  comparab le  to the u l t i -  
niatc s t rength  o f  the  riiaterial in cornpression, and 
the 111tin)ate s t r e s s -dens i ty  r a t io  of g l a s s - r e i n -  
forced  p las t ics  has  been shown ( re f .  1, for 
esanip le )  to  be substantial .  
f i laniri i ts  like boron with lower  dens i t ies  and 
higher s t i f fnesses  than g l a s s ,  the p rospec t s  for 
composi tes  i n  compress ion  appea r  favorable  also 
for the lower loadings for which buckling ra ther  
than u l t imate  strength i s  t he  design c r i te r ion .  
T h e  purpose  tif th i s  paper is to  explore  the  poten- 
t i a l  of f i l ament - re inforced  m a t e r i a l s  f o r  t he  low 
compress ion  load in tens i t ies  appropr i a t e  t o  the 
shell  s t r u c t u r e  of launch vehicles.  
With the  advent o f  
Approach 
T o  assess the  potential of va r ious  f i lamentary  
n ia te r  i a l s  and binders,  a s t ruc tu ra l  -efficiency 
nnillysis approach  was used. 
t h r  s t ruc tu ra l  weight of an  axially compressed  
cy l indr ica l  she l l  was de tc rmincd  as a function o f  
thc  p re sc r ibed  loading conditions. 
of t h i s  r epor t  t he  methods rniployed in the anal-  
y s i s  a r e  descr ibed ,  the  range  of loading conditions 
of technological i n t e re s t  f o r  the  evaluation a r e  
es tab l i shed ,  t he  c h a r a c t e r i s t i c s  of t h e  various 
m a t e r i a l s  and s t ruc tu ra l  configurations evaluated 
a r e  reviewed, and some  of the  r e a s o n s  for the 
se lec t ion  of t hese  par t icu lar  c h a r a c t e r i s t i c s  fo r  
;tppr.iisnl a r c  c i ted  fo r  giiidance in the  subsequent 
in t c r p r c t a t  in n s . 
With th i s  analysis 
In th i s  section 
h4ethods ___ of Efficiency Analys is  
? h c  s t ruc tu ra l  efficiency ana lys i s  used  in- 
volved the  dc tc rmina t ion  o f  genera l ized  weights 
d s t r u c t u r a l  she l l  r eqc i r ed  to c a r r y  given asial  
loading intensit ies.  T h e  appropr i a t e  pa rame te r s  
for t h i s  genera l iza t ion  have been found to be 
weight per  unit su r f ace  area divided by shell  
rad ius .  as a function of axial  load pe r  unit length 
of t . i rcumference  divided by she l l  radius.  Eval- 
ua t ions  of the  minimum-weight configuration in 
each  c a s e  r e q u i r e s  thc  application of the 
Valley Forge .  Pa. 
appropr ia te  shell  f a i lu re  c r i t e r i a ,  which w e r e  
taken h e r e  as  e i the r  e l a s t i c  buckling o r  c o m p r e s -  
s ive  yielding o r  f r ac tu re .  
The  e l a s t i c  buckling portion of t h e  s t ruc tu ra l  
efficiency evaluation uti l ized the  small-deflection 
or thot ropic  she l l  stabil i ty r e s u l t s  of Reference  2, 
wherein it is shown that t he  buckling mode is 
governed by a p a r a m e t e r  @ , where = y 1 I 2  o r  - . .  
1, whichever is s m a l l e r ,  
ra t io ,  y , is given by: 
and the  s h e a r  s t i f fness  
(1) 
with 
s h e a r  modulus in  plane of shell  
longitudinal (axial)  and t r a n s v e r s e  
of she l l  
LT 
EL' ET (c i r cumfe ren t i a l )  s t re tch ing  moduli  
U LT, V T L  Po i s son ' s  r a t i o s  
If y > I ,  t he  buckling mode is s y m m e t r i c  (bellows - 
type deformat ion)  and the  buckling s t r e s s  u 
given by 
is cr 
where  
E =  
- 
- 
E -  
t 
R 
K 
1 I 2  
LT T L  
ef fcctive stiff nes s  
she l l  th ickness  
she l l  r ad ius  
empi r i ca l  fac tor  t o  account fo r  init ial  
imperfec t ions  in  shell ,  i.e. K 1. 
(Here in  K is a s sumed  unity throughout) 
If y ~ 1, the  buckling t n d e  is a s y m m e t r i c  
(checkerboard- type  de lormzt ions)  and : 
K 
LT T L  6- 
'c r 
1 
T h e  s t ruc tu ra l  efficiency equation employing 
W 
R 0 
th i s  express ion  f o r  e las t ic  buckling is 
- _  
1 / 2  Y 
(4 )  
where 
IJ is the  comprehsive "yield" o r  fa i lure  
s t r e s s  fur  the face n ia te r ia l s  
w =  
R 
where ,  as  before  
@J = y1'2 o r  1 whichever is the  s m a l l e r  
N axial load divided by shell  
c i rcumference  
S 
Equations ( 2 ) ,  ( 3 ) ,  and (4) apply tu s imple  
monocoque shells.  A s  will be shown, f o r  the 
ma jo r i ty  of c a s e s  of i n t e re s t  for  launch vehicles.  
st iffened she l l s  a r e  m o r e  efficient than mono- 
coque construction. Accordingly, t o  investigate 
the  potential of f ibrous composi tes  for  stiffened 
shells,  an idealized stiffening was  hypothesized; 
the  she l l s  w e r e  assumed made in the  f o r m  of a 
sandwich with a n  ideal c o r e  m a t e r i a l  having 
adequate st iffness proper t ies  through the  thickness 
to s tab i l ize  the  faces ,  but having no ability to  
c a r r y  ax ia l  load. The e las t ic  buckling efficiency 
f o r  sandwich she l l s  with such  a c o r e  is given by 
(Ref.  2) 
where  now 
P s  P c  densit ies of face  and c o r e  m a t e r i a l s  
tsn tc 
th icknesses  of f ace  and c o r e  
mater ia l s  
In a l l  cases, minimum-weight sandwich pro- 
portions w e r e  used, with the optimum ra t io  of 
found f r o m  the  equation lc 
Lt  S 
- 
( 7 )  
As brought out i n  Reference  3,  t he  de t e rmina -  
tion o f  a rea l ly  adequate value of IJ 
composi tes  is a problem for fu r the r  r e s e a r c h ,  
and conclusions drawn regard ing  the  potential of 
t hese  ma te r i a l s  fo r  those  (l imited) applications 
for  which equation (7)  is used  must  be somewhat 
qualified. F o r  launch vehic les ,  however, as the  
Toll owing sections de  mu ns tr a t  e, e la s t ic  buck ling is 
the dominant c r i te r ion .  
f o r  f ib rous  
Evaluation of Elas t ic  Cons tan ts  
Values of EL, ET, GLT, V L T ,  and "TL f o r  
use  with eqtiations ( 2 ) ,  ( 3 ) ,  (5), etc. w e r e  d e t e r -  
mined by means  of the  analytical  p rocedures  
developed in Reference  4. In br ie f ,  the  p rocess  
involves the use  of s t r a i n  energy  techniques to  
obtain bounds on the  e las t ic  cons tan ts  of a uni- 
directionally re inforced  lamina. 
incide for  t he  proper t ies  of i n t e re s t  with the  
exception of the  t r a n s v e r s e  Young's modulus. 
(What few exper imenta l  da ta  t h e r e  a re  available,  
Ref. 5, suppor t  t hese  p rocedures ,  with the  e x -  
ception of t h e  s h e a r  modulus in the  plane of t he  
lamina .  Measured s h e a r  s t i f fnesses  a re  nea r  t he  
upper bound for  t he  calculations;  i n  consequence 
the ca lcu la ted  s h e a r  p rope r t i e s  used h e r e  may be  
somewhat low. ) With the  e l a s t i c  constants d e t e r -  
mined fo r  a unidirectional lamina ,  t he  p rope r t i e s  
of t he  l amina te s  of t he  s e v e r a l  configurations 
cons idered  w e r e  obtained using t h e  equations of 
Appendix 3 of Reference 3.  
T h e  bounds c o -  
Determina t ion  of Loadings of In t e re s t  f o r  Launch 
Vehicles 
Values of t h rus t ,  rad ius ,  and th rus t  p e r  unit 
c i r cumfe rence  and r ad ius  f o r  a va r i e ty  of launch 
vehicles are given in Tab le  1. For all boos t e r s  
cons idered ,  the  r a t io  of t h rus t  to t h e  product of 
c i r cumfe rence  and r ad ius  is within the  r ange  10 
to 1000- K N  (1 to  100 psi). Actual des ign  loading 
in tens i t ies  - a re  g r e a t e r  than t h e s e  r a t io s  by 
fac tors  of 1. 5 t o  2.0 to  account fo r  bending, 
f ac to r s  of safety,  etc. While these  design va lues  
of - fa l l  toward the  h igher  end of t he  two- 
2 
m N  
R 
X 
N X  
R 
decade  r a n g e  defined above, it a p p e a r s  tha t  she l l  
loading in tens i t ies  between 10 and 1000 E (1  and 
100 ps i )  amply cover  the  r ange  of i n t e r e 2  for 
launch vehic les  even including the  fu tu re  Nova- 
For s t r e s s e s  above the  e las t ic  r ange  (as in  
Ref. 2)  2 
2 
. 
c l a s s  boos te rs .  Accordingly the applicability of 
f ibrous  composi tes  in th i s  range  was  consic'cred 
herein.  
Ma te r i a l s  and Configurations Ccinsidered 
T h e  m a t e r i a l s  and configurations c ~ ~ n s i d e r e d  
f u r  the launch-vehicle she l l  application ft.11 into 
seve ra l  c l a s s e s ,  as follows: 
(a)  hfctals. F i r s t  a farnily of 1neta1 she l l s  
Th i s  metal  falllily 
was  analyzed to provide a bas i s  f u r  c i in~par i son  
with the  composi te  shells.  
cc )n~pr i scd  a s tee l ,  t i tanium, a lur~i inur r~ ,  iiiagne- 
siurn, and bery l l ium alloy with the  advanced 
p rope r t i c s  postulated in ?'al,le L. These  prop-  
c r t i c s  w e r e  deliberately chosen to  be high r e l a -  
t ivc  to  present  teChnolcJgiCal va lues  to in su re  a 
hiqh s tandard  f o r  the co lnpar i sons  with con) -  
1ms ites. 
( I ) )  Fi larncnts.  A f a ~ n i l y  < J f  eight filanlt.ntary 
i ~ i a t e r i a l s  was sr1ectc:d TrJr ~ i s e  in the c o ~ ~ ~ p o s i t ( > s .  
'I'hchse It laterials began with the. prc.scntly usc-cI 
E-c1as.z i n  Imth solid and hullow f ibers  and ranged 
upward in cha rac t c r i s t i c s ,  including, 
'I'ht. ~ ) r ~ ~ p c r t i c s  i sed for thebe var ious  f i lamen-  
t a r y  in<itc*rials a r c  given in Table  3 .  
( c )  l3indcrs. A family o f  eight binder rnate- 
riiils w a s  a l so  se lec ted  into which the  va r ious  
fi larncnts w e r e  incorporated.  
w i t h  the  present ly  used epoxy r c s in  and ranged 
11 p v ; i  r ti i n  p r o  pcr t  i e  s , a s  f i) I I o w  s : 
T h e  b inders  bcfian 
M a g  ne s i u  m 
T h r e e  hypothetical "Light Alloys" 
T itaniu i n  
St e c * l  
130ron 
Thc, p rope r t i e s  used for  t hese  var ious  bindcr 
tiialcri.ils a re  also 1istc.d in Talilcs 3 .  
(d)  Configurations.  All shell  composi tes  were 
cons ide red  to  be laininatcs "ith c*ach lamina uiii- 
dire,-t ionally re inforced  by thc f i lamentary  mate- 
rial. T h e  d i rec t ions  of re inforcement  o f  t he  
laiiiinae w e r e  var ied  in s y m m e t r i c  fashion such 
that t h e  pr inc ipa l  s t i f fnesses  of t he  lamina te  
always coincided with the  axial  and c i r rumfe ren -  
t ial  she l l  directions.  T h e  number of laminae  was 
supposed g r e a t  enough so that the lamina te  acted 
l ike a homogeneous medium, -i.e., no attempt 
was made  to  d i spose  in t e rna l  and ex terna l  lam-  
inae  in  d i f f r r rn t  fashions. Thus typical configu- 
r a t ions  included: ( 1) longitudinal reinforcement;  
( 2 )  t r a n s v e r s e  re inforcement ;  (3 )  longitudinal and 
t r a n s v e r s c  r e in fo rcemen t ;  ( 4 )  re inforcement  a t  
er i i i - i l  anq lcs  ( - )  to the  longitudinal o r  t r a n s v e r s e  
d i rec t ions ;  and (5)  t h r e e  way ( I  30",  90°) r e in -  
forccnien t  tu provide in-plane isotropy. 
15.lseS fur Choice of Mater ia l s  Used 
In o r d e r  to help i so la te  the impor tance  of 
var ious  f ac to r s  on the  end efficiency of composi tes ,  
the f i lamentary  and hinder m a t e r i a l s  were  se lec ted  
to provide seve ra l  i n t e r r e l a t ed  sys t ema t i c  types of 
variations.  
on F igure  1. 
plotted in F igu re  l a  show tha t :  
These  in te r  - re la t ionships  a r e  indicated 
T h e  ma t r ix  m a t e r i a l  p rope r t i e s  
(1) The magnesium, t i tanium, and s t ee l  m a t e -  
r i a l s  provide a var ia t ion  in modulus at constant 
niodulus - to-dens i ty  ratio.  
(2)  The magnesium, "Light Alloy II, 'I "Light 
Alloy 111, " and boron materi;r ls  provide a var ia t ion  
in modulus a t  cons tan t  der,ity. 
(3 )  The "Light All.>y :, ' I  "Light Alloy 11". and 
ti tanium provide a 1 ar ;d t ion  in density a t  constant 
iiiodulus, as  do thq. "Light Alloy III", and s t ee l  at 
d different constznt modulus. 
The  f ibe r  m a t e r i a l s  w e r e  se lec ted  to  cover  the  
range  of actual p rospec t s  f r o m  those  now in actual 
i i sc  l ike E - g l a s s  t o  those  which a r e  m o r e  in the  
na ture  of l abora to ry  cu r ious i t i e s  l ike alumina. 
(The  f ibe r  p rope r t i e s  a r e  p re sen ted  in F igu re  lh . )  
Thus approximate ly  the  en t i r e  s p e c t r u m  of prop-  
e r t i e s  of c u r r e n t  i n t e re s t  is surveyed  as well a s  
those  portions of t h e  s p e c t r u m  which provide 
sys t ema t i c  variations.  
Resul t s  and Discuss ion  
T h c  r e su l t s  of t he  evaluations of composi te  
she l l  efficiencies are d i scussed  h e r e  in five 
sections.  
the  magnitude of t he  des ign  loading and the  s t r u c -  
t u r a l  configuration employed t o  suppor t  the  load 
is cons idered ,  t o  i n s u r e  tha t  t h e  r e su l t s  are  not 
inequitably influenced by the  configurations chosen. 
In the  second section, the  conclusions drawn f r o m  
th is  cons idera t ion  of the  significance of configura- 
tion a r e  focussed  upon the  evaluation of hollow 
f iber  reinforcement.  Here  s o m e  of t he  a spec t s  of 
the impor tance  of f iber  st iffness are f i r s t  demon- 
s t r a t ed ,  and then they a r e  examined in detail  i n  
t he  th i rd  section. Four th ,  the  impor tance  of binder 
st iffness is a s s e s s e d ,  and in t h e  final sec t ion  the  
needs  fo r  improved fa i lure  criteria are presented. 
In t h e  first sec t ion  the  in te rp lay  between 
Effects of Configuration 
Metal Shells 
The  bas i s  used f o r  the  evaluations of f ib rous  
H e r e  composi te  s h e l l s  i s  e s t a  h l i shed  in Fig. 2. 
are  plotted t h e  weights of cy l indr ica l  s h e l l s  of a 
3 
wide range  o f  types  of meta ls ,  and iabr ica ted  in a 
var ie ty  of sandwich proportions, clcsiqncd to  
c a r r y  intensi t ies  of loadings of frcini a s inal l  
f ract iun uf - to  many t ime those-appropr ia tc  ic)r 
launch vehicles ,  a s  shown. Charac t r r i s t ica l lv  a 
shel l  of any m a t e r i a l  is heavier  than the  \vright 
requi red  to  c a r r y  the design load at  the i i iatrrial  
yield s t r e s s  ( represented  by the  l i nes  o f  45”  S I C J I J ~  
a t  t h e  r ight  of Fig.  2)  by the  weight o f  the  addition- 
a l  m a t e r i a l  needed to s tabi l ize  the  shel l  against  
1)uckling. 
is requi red  with t h e  stiffening added siniply a s  
inc-rc.ased shel l  thickness ,  giving a pure l i i ~ J l l ~ i C ~ J q u ~  
construct ion ( the  upper cu rves  on the  figtire). 
thc. m<inocoque buckling below the yield s t r e s s ,  
Gencra l ly  speaking the q r e a t e s t  \c.cBight 
For 
P the  ue ipht  i s  proportional t o  - as  is well knov.n, 
r v. and berylliuiii is a currcnt ly  1ecoqni7ed ~ i i i n i~~ i i i i i i -  
weight meta l  fu r  t h e  idealiLed monocoque shel l ,  - 
especial ly  111 the  l o w  loading intensity rcgii i ir  o[ 
in te res t  l o r  launch vehicles. 
Clear ly ,  however, Fig. 2 shows that  fur  the  
meta l  shel l  more  is to b e  gained by a change froiii 
a inonocoque to an efficient stiffening configura-  
t ion l ike a low-densi ty-core - m a t e r i a l  sandwich 
than by the  u s e  of even such a n  efficient mater ia l  
as beryllium. In fact a steel faced  sandwich with 
a l ight core  m a y  be lighter than  a berylliuin mono- 
coque shel l ,  -indeed will be l ighter  than a bery l -  
l ium faced sandwich on the  s a m e  c o r e  if the  c o r e  
dens i t ies  a r e  low enough or t h e  loading intensi t ies  
high enough ( the a r e a  shown to  the  r igh t  of Fig. 2) 
so that the  higher  strength-to-weight r a t io  of s t ee l  
compared  to  beryl l ium c a n  b e  utilized. 
Important  t o  t h e  composite evaluations to which 
th i s  study i s  d i rec ted  is the iniplication of the 
preceding paragraph  that the opt imum mater ia l  
dcpends upon both loading that  mus t  be c a r r i e d  
and upon the s t ruc tura l  cunfiguration employed. 
In consequence both the range  of loadings and 
range  o f  configurations of i n t e r e s t  m u s t  be  s u r -  
veyed for proper  a s ses smen t  of t h e  potentials of 
c ~ ) m p o s i t e s .  Here in  the effect of varying overa l l  
configuration is determined by a var ia t ion in the 
hypothetical sandwich c o r e  density. The  r e s u l t s  
c i f  t h i s  var ia t ion a re  general ly  the s a m e  a s  v a r i a -  
t ions in thc effect iveness  of other  types of st iffen- 
ing. Thus ,  a v e r y  light weight c o r e  r e p r e s e n t s  t o  
a degree ,  fcJr example, very  efficient integral  
ribbing on the  shel l ,  o r  highly efficient r ing-  
s t r inger  reinforcement. 
One  f u r t h e r  aspect  uf  the  impor tance  of 
conl iqurat ion in  t h e  evaluation U i  iii;jtt.rial el  - 
f ic iency is brought out by the  re ference  shel l  
e f f ic i rnces  calculated for the  var iab les  included 
in Fig.  2. Whereas  for the e l a s t i c  monocoqiie 
shel l  the w e i ~ h t  is  proportional to - 
viously notcd, t h i s  relationship does  not apply for 
s.indwich she l l s  even for the heaviest  core densi ty  
given in Fig. 2. 
s h r r t  to core drns i t ies  l a r g e  compared  with unity, 
P as p r e -  JEI 
For values  of t h e  r a t i o  of face 
i t  c ; ~ n  be  shu\vn that  t h e  shel l  weieht f o r  a given 
L - ~ ) r t .  clcnsity is proport iunal  t o  F E .  
LvciGht requi red  in the  e l a s t i c  buckling r ange  m a y  
bv Iiieastirt.-d s imply by 
T h e  she l l  
whcrc  1.‘ is a functiun of shel l  iiiodiili and densi ty  
a s  s c ~ c 1 1  Iron1 Figs”  (5 )  . ind (6 ) .  Values of F a re  
plotted i n  Fig. 3 f u r  ~ i i u n ~ ~ c u q u c  and sandwich she l l s  
c ) f  thc five iiictals used  i n  P’ig. 2. A s  shown, 
\.slues o f  F for the inonvcoqiie configuration plot 
on the ehpectec! s t ra ight  l ine of 4 5 O  slope when t h e  
a b s c i s s a  i s  p ‘6. l)iit for the sandwich the a b s c i s s a  
i i i u s t  be  changed t o  (SY” . Thus  even f u r  
e l a s t i c  I~rickliiig the. contigiiration affects  the  r e -  
1 a t  i 11 n s h i p b e  t \v c c’i1 i i I at e r i al p r , I pe r t i e s an d s h el 1 
efficiency, thoilgh perha))s  not as profoundly as  
u8hc.n a change frO11l e la s t i c  tc) plastic behavior is 
i i i  v ( B 1 v c‘d. 
With f ibrous cuii iposites additional d e g r e e s  o f  
f reedom a r c  avai lable  compared  to  nictal  cc in -  
struction. Not only may  each  reinforcing ina t e r i a l  
be employed in a var ie ty  o f  t)inder ri iaterials,  but 
a l s o  var ious  volume f rac t ions  ( i f  the  consti tr irnts 
and f iber  <>r i rn t a t ions  iiiay l)t, tined. 
the i n t e r p r e t n t i ~ i n s  f r c > i i i  such an array-  ( i f  v a r i -  
ab les  the foll<)wing sequence will I J ~ >  ~ i s e d  in t h i s  
repor t .  
f i lament/binder  concentraticins a s  re la ted  to the 
confijiurational e f f ec t s  o f  inonocoqiie and sandwich 
construct ion will be cons idered  in th i s  section. 
The  i d l u e n c e  of fil)cr R t a o r i i e t r y  and f ibe r  and 
binder proper t ies  will be  repor ted  separa te ly  in  
subsequent  scc t ions  o f  the  reprirt. 
(a) F i lament  or ientat ion 
T o  systeii iatize 
F i r s t  effects of ril.sliicLnt or ientat ion and of 
Fcir masiiriuni rlltiniale s t rength  in  ct)iiipreSsiOn 
a l l  f i l amentary  reinforcenient  should be aligned in 
the  axial load direct ion.  Fo r  niaximuln r e s i s t a n c e  
to  e l a s t i c  buckling, on  the  o ther  hand, a n  isotropic  
lamina te  (Ref .  2) is needed, Thus  t h e  best  o r i e n t a -  
t iun depends upon whether for the given composi te  
the e l a s t i c  buckling o r  riltiniate s t rength  r eg ime  is 
of p r i m e  importance.  
following cxample,  no genera l  conclusion c a n  b e  
drawn h e r e  as to which of t h e s e  governs:  the 
specific composi te  combination m u s t  b e  invest igated 
A s  will be shown in the  
in ‘*nc.h C ~ S C ’ .  
For example  cons ider  t h r e e  possible  composi tes  
all made  with 30 volume percent  epoxy binder  re -  
inforced respec t ive ly  with steel, boron, and 
a lumina  f i laments .  
var ious  configurat ions are  presented  in F igu res  4 
and 5. In  F i g u r e  4 the weights  of steel re inforced  
T h e  efficiencies of these in 
. 
4 
. 
I .  
epoxy are shown to be g r e a t e r  than the weights of 
me ta l  she l l s  previously calculated,  for  all con-  
figurations over  the en t i r e  two decade range  of 
loads found of i n t e re s t  f o r  launch vehicles-with 
one exception. If an  ex t remely  low density (but 
s t i l l  s t ruc tu ra l ly  sound) sandwich c o r e  is avail-  
able,  Oo steel  re inforced  f aces  will be super ior  
to  shee t -meta l  f aces  at  t he  higher load intensit ies 
(because  of the  a s sumed  high s t rength of fila- 
men ta ry  s t ee l  composites).  The  isotropic  con- 
f igurat ion f o r  this  par t icular  composite is never 
in contention. F o r  advanced f i lamentary  mater i -  
a l s  l ike boron o r  alumina, on the other hand, the 
isotropic  pat tern is l ighter  over  a lmos t  the entire 
range considered. Thus reinforced,  even a n  
unadvanced binder l ike epoxy is competit ive with 
me ta l s  in a l l  configurations considered, and the 
composi tes  a r e  super ior  to  the  best  metal  shells 
i n  the most  s t ructural ly  efficient c a s e s  ( the l i g h t e r  
c o r e  densi t ies  and higher loading intensit ies).  
Here  t h e  significance of configuration to  the a s -  
s e s smen t  of ma te r i a l  potential is underlined; that 
is, if t he  s t ruc tu ra l  configuration i s  ineffective 
( the lowly loaded monocoque shell)  g r e a t e r  gain 
can  be effected by configuration than by mater ia l  
improvement .  If the  configuration is good, better 
m a t e r i a l s  will enhance the  efficiency fur ther .  
(b) F i lament /b inder  concentrations 
The 30% volume fract ion binder used  in the 
foregoing examples  was only a r b i t r a r i l y  selected 
a s  r ep resen ta t ive  of present  technology. 
vestigation of the effect of binder content is there-  
fo re  in order .  
a r e  i l lustrated in Figs. 6 and 7. Fig. 6 i l lustrates  
the change inu l t imate  compress ive  s t r e s s ldens i ty  
potential with binder content, (as presented  i n  
Reference  3) and so i s  applicable at  high loadings 
o r  low sandwich-core densit ies.  Fig. 7 shows t!ie 
e las t ic  buckling efficiences a t  a typical sandwich 
c o r e  density,  and hence applies t o  the  low load 
end of the range. The  var ia t ions in s t ress-densi ty  
r a t io s  with binder content plotted in F igu re  6 
revea l  no s u r p r i s e s  except possibly tha t  the asbes-  
t o s  appea r s  somewhat re la t ively bet ter  in the iso-  
t ropic  than in  the uniaxial orientation. Perhaps of 
g r e a t e r  impor t  is the fact  that  t h e  r a t io  between 
the s t r eng th ldens i ty  r a t io s  for  the isotropic  and 
the  uniaxial  configurations is sma l l  at all binder 
contents.  
s t r eng th  by the  u s e  of t he  isotropic  arrangement 
is substant ia l ,  and for  t h e  higher loading intensities 
may have to  be avoided. 
buckling efficiency as measu red  by the values of F 
plotted in F igu re  7 on the  o ther  hand a r e  ra ther  
su rp r i s ing  in that  re la t ively sma l l  concentrations 
of t he  high-modulus f i laments  a r e  sufficient to 
produce m a t e r i a l s  with buckling effectiveness 
com p a r  able to  s t r u c t u r a l  meta l  s . 
f o r  the very  light loading fo r  which strength is not 
impor tan t ,  low volume fract ions of advanced fila- 
ments  may be of interest .  
An in- 
Typical effects of binder content 
Thus ,  t he  penalty paid in ult imate 
Variations in elastic 
Accordingly, 
5 
Disap?ointingly inefficient on both plots,  
F igu res  6 and 7, a r e  the r e s u l t s  fo r  t he  hollow 
E-g la s s  fi laments.  
ly sweeping implications regard ing  geomet r i ca l  
effects t o  war ran t  special  attention, and s o m e  of 
t h e s e  impl ica t ions  a r e  the re fo re  reviewed in the 
following sect ion on  the effects assoc ia ted  with 
the u s e  of hollow f ibers .  
These  r e s u l t s  have sufficient-  
Effects of Hollow F i b e r s  
Hollow f i b e r s  provide a reduction i n  density,  ps, 
of composi te  m a t e r i a l  together with a high u l t imate  
compress ive  s t r e s s -dens i ty  r a t io  (Ref. 6). A t  t h e  
s a m e  t i m e  t h e  hollows r educe  the  e l a s t i c  s t i f fnesses  
and the absolute values of strength.  
t hese  reductions,  with E-g lass ,  as pointed out i n  
the preceding section, f o r  sandwich shel l  f aces  
the hollows a r e  not effective, and indeed compared  
to  meta l  shel ls  (Fig.  8), hollow E - g l a s s  r e in fo rce -  
ments  appear  a t t r ac t ive  only f o r  monocoque shells.  
Because  of 
F a c t o r s  which combine to  m a k e  hollow E-g la s s  
ineffective are (1) t he  fact  that  f o r  a sandwich 
f ace  ma te r i a l ,  density is not a s  important a c h a r -  
ac t e r i s t i c  as f o r  a monocoque shell ,  and ( 2 )  the 
low t r a n s v e r s e  s t i f fness  proper t ies  calculated f o r  
the hollow f ibers .  A s  previously pointed out, f o r  
a sandwich t h e  efficiency va r i e s  inverse ly  a s  only 
the squa re  root of the f ace  ma te r i a l  density,  where  
fo r  the monocoque the efficiency va r i e s  a s  the in-  
v e r s e  first power of the density. The  low t r a n s -  
v e r s e  st iffness found for  t he  hollow g l a s s  is a l e s s  
obvious problem, however. that  dese rves  fu r the r  
consideration. 
of t he  hollow f iber  t r a n s v e r s e  s t i f fness  i s  m o r e  
open to  question than  the solid f ibe r  calculations.  
F o r  both types  of f ibe r s  the va lues  used  are the 
ave rage  of upper and lower bounds but in the  c a s e  
of t he  solids the bounds are not so far a p a r t  that  
t h i s  procedure  is open to  substant ia l  var ia t ion no 
ma t t e r  which bound is the m o r e  applicable. F o r  
the hollows, on the o ther  hand the  upper-bound 
t r a n s v e r s e  s t i f fness  a t  30% binder i s  approximately 
twice the  value fo r  the lower bound. Thus,  the 
hollow f i b e r s  may be apprec iab ly  be t t e r  ( o r  even 
worse)  than the mean value indicates.  
Pe rhaps ,  f o r  example,  t h e  ana lys i s  
Rega rd le s s  of t h e  accu racy  of analysis ,  perhaps  
of g r e a t e r  significance f o r  fu tu re  p rospec t s  i s  t h e  
fact  that  s t i f fer  ma te r i a l s  than E - g l a s s  should 
pe r fo rm bet ter  t r a n s v e r s e l y  in  an  epoxy mat r ix .  
Th i s  effect  is i l lustrated in F igu re  9 where  the  
calculated ratios of t r a n s v e r s e  s t i f fness  (upper and 
lower bounds) f o r  hollows and sol ids  a r e  plotted 
aga ins t  volume fract ion of binder f o r  alumina and 
E - g l a s s  f ibers .  T h e  cu rves  f o r  the a lumina  a r e  
above those  for  E -g la s s  over  t he  en t i r e  r ange  of 
concentrations,  being about twice as g r e a t  at the  
no rma l  30 volume percent  binder. 
not only is the t r a n s v e r s e  s t i f fness  inherent ly  
higher f o r  alumina than E-g la s s  re inforcement ,  but 
a l s o  the  hollow alumina pe r fo rms  twice as well 
compared  to solid a s  the E-g la s s  does. 
hollow E-g la s s  f ibe r s  in epoxy binder appear  
In o ther  words  
In sum,  
promis ing  only f o r  increasing the efficiency of 
she l l s  in applications for  which ma te r i a l  density 
is of p r i m e  importance,  a s  for  monocoque con-  
struction. 
than E - g l a s s  may be  relatively m o r e  favorable. 
Hollow filaments of higher modulus 
Two additional aspec ts  of hollow f ibe r s  war ran t  
mention. 
high loading intensit ies will be covered  in the  final 
sec t ion  of t h i s  report .  
"minimum gage" problem. Here,  fo r  loads so 
low that t he  ma te r i a l  th icknesses  need to be thin- 
ne r  than can  be practicably produced, is another  
area f o r  which density is of p r ime  impor tance ,  and 
f o r  which hollow fibers a r e  indeed appropriate.  
T h e  first relating to performance at 
The  o ther  per ta ins  to the 
T h e  Importance of Fiber Stiffness and Density 
That  the  use  of high modulus /dens i ty  r a t io  
f i l amen t s  l ike  boron should i n c r e a s e  the  e las t ic  
biickling efficiency of composite she l l s  i s  to be 
expected, and the  effect is demons t r a t ed  by the  
va lues  of F given in  F igure  7 fo r  sandwiches and 
F igure  10 f o r  monocoque construction. In o r d e r  
to de t e rmine  jus t  how effective improvements  in 
f i laments  may be, the fi lament density and mod- 
ulus will be  t r e a t e d  separately.  
dens i ty  is re la ted  t o  the f ibe r  and binder dens i t ies  
by a s imple  mi-xtures ru le ,  When the  f iber  weight 
is a l a r g e  f rac t ion  of the composi te  weight, as i t  
is f o r  high volume fractions of most  f iber  ma te -  
r i a l s ,  then the  variation of F with f iber  density is 
of essent ia l ly  the same  f o r m  as  that of the va r i a -  
tion with f ace  density (i. e., with pf for monocoque 
and p f 1 / 2  fo r  sandwich construction).  
tion of weight with modulus is mos t  readi ly  
studied by plotting F as  a function of Ef for  t he  
fami ly  of constant density f ibe r s  shown in F igure  
lb. F o r  example,  F igure  11 p resen t s  such re-  
su l t s  f o r  sandwich shells having i so t ropic  and 
uniaxial  face  sheets.  T h e  slope 0: t he  best  fit 
s t r a igh t  l ines  can  be  used to  de t e rmine  the  ex -  
ponent of the  f ibe r  modulus in the  a s sumed  weight 
variation: 
T h e  f ace  shee t  
The  v a r i a -  
m n  
F = K of Ef (9) 
T h e s e  r e s u l t s  a re  combined to yield the  r e su l t s  
shown in F igu re  12. 
rounded off t o  fractional powers  as  g r e a t e r  a c -  
cu racy  is cer ta in ly  not justif ied at t he  present.  
S imi l a r  r e s u l t s  are  presented in  F igu re  13  for the  
monocoque shell .  
indicated by comparison with cu rves  of 45O s lope  
on t h r  log-log plots of t he  fisures. Approximate 
co r re l a t ion  i s  found i f  the  following powers of 
Younq's inudulus a r e  employed: 
The exponents have been 
Corre la t ion  of t he  da t a  are  
1 0 
( I )  F - - for 0 re inforced  monocoque 
she l l s  1 / 6  
( 2) I.' '. - f n r  Isotropic monocoque she l l s  - 113 
( 3 )  F -, - for  0' re inforced  sandwich 
k 1  she l l s  
(4) F - ~ fo r  Isotropic sandwich she l l s  
1 / 2  
Ef 
(Corre la t ion  i s  established as for t he  meta l  she l l s  
by compar i son  with cu rves  of 4So slope on the  log-  
log plots of t he  figures.  ) 
Thus it appea r s  that  the  e las t ic  buckling e f -  
f iciency of composi te  she l l s  is a r a the r  insensit ive 
function of t he  modulus o f  the  f ibers .  
configuration of g rea t e s t  pruhable in t e re s t ,  how- 
eve r ,  ( the i so t ropic  sandwich),  the  insensit ivity is 
leas t ,  and in th i s  c a s e  an  inc rease  in fiber modulus 
is nea r ly  a s  effective a s  a d e c r e a s e  in fiber density. 
Fo r  the  
Throughout th i s  sec t ion  only epoxy binder a t  
30% volume f rac t ion  has  been considered. Effects 
of binder changes will b e  cons idered  in the  follow- 
ing section. 
The  Imoor tance  of Binder StCcness and Densitv 
The use  of improved hinder tna te r ia l  compared 
to epoxy r e s i n  can  have s e v e r a l  impor tan t  effects. 
F i r s t .  by enhancing the  t r a n s v e r s e  and shear ing  
s t i f fnesses ,  i t  can  reduce  the  difference in buckling 
efficiencies of the 0" and Isotropic reinfurceii ient 
configurations. 
F igure  14. 
Th i s  eflcct  i s  i l lus t ra ted  in 
In F igu re  14 a r e  plotted the hickling r l fec t ive-  
n e s s e s  of composi te  sandwiches inade with ve ry  
high modulus f i laments  l ike alunrina enibedded in 
a va r i e ty  of meta l l ic  binders.  
for  all binder volume f rac t ions  t h e r e  is l i t t le dif-  
f e r ence  in efficiency fo r  the  O o  and Isotropic con-  
figurations,  although the Isotropic c a s e s  a r e  
always the  l ighter.  Fo r  compar ison ,  t he  F value  
for  beryll ium sandwiches is a l so  given on the 
f igure ;  f o r  purely e las t ic  biickling it is exceeded in 
efficiency only a t  high volume f rac t ions  by the  
boron-like binder. However, i t  should be reca l led  
that, even  fo r  the  low loading intensit ies of launch 
vehicles,  such bery l l ium sandwiches would he 
s t r e s s e d  beyond the  e l a s t i c  l imit ,  and any of the  
a lumina- re inforced  composi tes  would the re fo re  be  
m o r e  efficient i n  application (c.f. Fig. 5). 
The  plots show that 
T h e  effectiveness of improvements  in binder 
ma te r i a l  p rope r t i e s  is s i m i l a r  to that of filatnent 
proper t ies .  Even with a n  advanced fi lament l ike 
boron, t h e  buckling efficiency is improved c o m -  
pared  to epoxy binder by e i the r  an i n c r e a s e  in  
binder modulus o r  a d e c r e a s e  in  binder density 
( s e e  Fig. 15). Evaluation of t h e  magnitudes of t he  
improvemen t s  (Fig. 1 6 )  show that they depend only 
on the  one-s ix th  power of the  modulus, fo r  mono- 
coque r a t h e r  than  sandwich she l l s  aga in  the  dens i ty  
E* is of g r e a t e r  significance,  and F - f L 
- 0  approximately.  
6 
T h e  Need for  Improved Fa i lu re  C r i t e r i a  
The  vas t  major i ty  of the evaluations made in 
th i s  study involved the  e las t ic  buckling proper t ies  
of composi tes .  A s  shown in  Fig. 2 and T a b l e  1, 
t hese  are the proper t ies  of p r i m e  concern  for  
launch vehicles  i f  reasonable  stiffening efficiencies 
(comparable  to sandwich c o r e  dens i t ies  g r e a t e r  
than 0.277 Mg/m3  (0.001 pci) are assumed.  Ob- 
viously, however,  min imum -weight s t r u c t u r e s  
demand opt imum stiffening eff ic iencies ,  s t r e s s e s  
beyond the  e l a s t i c  range,  and consequent analysis  
of a l l  possible  fa i lure  modes,  -with attendant im-  
provement  of the  c r i t e r i a  for  failure.  
While the study of the many f a i lu re  cha rac t e r -  
i s t i c s  of composi tes  is beyond the scope  of t he  
present  paper ,  one example of the  impor tance  of 
such a study de r ives  d i rec t ly  f r o m  the  ana lyses  
made  herein.  This  example m e a s u r e s  the  maxi-  
mum shear s t r e s s e s  developed in composi tes  
when a s s e m b l e d  in the iso t ropic  lamina te  con-  
f igurat ion found most  effective fo r  she l l  buckling 
r e s i s t a n c e  herein. Magnitudes of t hese  s t r e s s e s  
a r e  plotted in F i g u r e  17. 
max imum shea r  s t r e s s e s  developed with high- 
modulus f iber  re inforcements  are substant ia l .  
While they a r e  reduced by improved binder stiff- 
n e s s  and by high volume f rac t ions  of e i ther  binders  
o r  f i l aments ,  they may be sufficient to init iate a 
p r e m a t u r e  fa i lure  in many compositions.  
F i g u r e  17 shows that 
Conclusions 
The  conclusions der ived  f r o m  th i s  invest iga-  
tion of t he  influence of constituent p rope r t i e s  upon 
the eff ic iency of composi te  she l l s  a r e  brought out 
in  the appropr ia te  sect ions of th i s  repor t .  
a r e  consequent ly  r e - s t a t ed  h e r e  i n  the o r d e r  in 
which they  w e r e  repor ted ,  as follows: 
They 
1. Loading intensit ies for launch vehicles  a r e  
so low that e las t ic  buckling governs the  compres -  
s ion des ign  fo r  a l l  but the  mos t  efficient stiffen- 
inc configurations. 
2.  F o r  sandwich construct ion the e l a s t i c  
5 h e l l  buckling efficiency is no longer  proportional 
to the r a t io  of shell  densi ty  to the s q u a r e  root  of 
Yuiing's modulus a s  for a rnonocoque shell, 
hut r a t h e r  i s  proportional $E t o  6 - for  thc 
sandLbich face  mater ia l .  
3. Composi tes  re inforced in  an isotropic  
lamina tc  configurat ion by advanced f i laments  like 
boron and alumina are super ior  t o  the  best  mctal 
she l l s  for the  most s t ruc tura l ly  efficient applica- 
t ions for  launch vehicles. 
4. Hclativcly smal l  ronccnt ra t ions  of high- 
niwdulus f i laments  i n  an i so t ropic  configuration 
prodi icr  ma te r i a l s  with buckling effectiveness 
c o 111 pa r a b 1 c to s t r u c t u r a1 me t  a 1 s . 
5. Hollow f ibe r s  appear  promising only for  
she l l  buckling appl icat ions fo r  which densi ty  is of 
pr ime importance,  (for example;  monocoque she l l s  
min imum - gage cases) .  
6. T h e  re la t ion  between she l l  buckling effi- 
c iency and f i lament  p rope r t i e s  varies with con- 
figuration. 
function of t he  f i lament  modulus and a s t ronger  
function of f i lament  density. 
configuration ( i so t ropic  lamina te  sandwich) the  ef - 
f ic iency is proport ional  t o  the  s q u a r e  root  of the  
f i lament  densi ty  and slightly l e s s  than the s q u a r e  
root  of the inve r se  of the  modulus. 
In gene ra l  t he  efficiency is a weak 
F o r  the  mos t  efficient 
7. T h e  re la t ion  between she l l  buckling effi-  
Thus,  
c iency and binder p rope r t i e s  is s imi l a r  t o  that f o r  
f i l aments  but is a n  even weaker  function. 
for  the i so t ropic  sandwich she l l s  the efficiency is 
approximately proport ional  t o  the one-sixth power 
of the  densi ty/modulus ratio.  
8. Fa i lu re  c r i t e r i a  for  composi te  she l l s  need 
fu r the r  intensive investigation. Such problems 
as thoseof  maximum s h e a r  s t r e s s e s  in lamina tes  
in  c o m p r e s s i o n  need evaluation. 
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TABLE 1. COMPRESSIVE LOADINGS FOR LAUNCH VEHICLES 
Vehicle 
Radstone 
scout  
T hor 
Atlas 
Minuteman 
Ti tan  I 
T i t an  I1 
Sa turn  V 
Nova 
Thrus t ,  kN Radius,  m. T h r u s t  
(lbs.) (in. ) Circumfe rence  x Radius 
KN/m2 (psi)  
347 
(78, 000) 
383 
(86,000) 
756 
(1 70,000) 
1730 - 375* 
(389,000-80,000) 
756 
( 1  70, 000) 
1334 
(300, 000) 
1913 
(430, 000) 
33, 360 
(7,400.000) 
11.200 
(25.000.000) 
0.889 
(35) 
0.4955 
(39) 
1.219 
(48) 
1.524 
(60) 
0.9015 
(35.5) 
1. 524 
1. 524 
5.08 
(200) 
12.19 
(480) 
(30) 
(30) 
70 
2 50 
80  
(10) 
( 3 6 )  
(12) 
120-24 
(17-3. 5) 
150 
(21.5) 
90 
(13) 
130 
(19) 
200 
120 
(30) 
(17) 
::Lower value is tha t  for sus t a ine r  engine-in t h i s  c a s e  perhaps  m o r e  r ep resen ta t ive  of the  des ign  
condition. 
TABLE 2. MECHANICAL PROPERTIES ASSIGNED T O  IDEALIZED METALS FOR COMPARISON 
WITH COMPOSITES 
Steel  7.89 
(0.285) 
Ti tan ium 4.82 
(0. 174) 
Aluminum 2.80 
(0. loo) 
Magnesium 1.34 
- Lithium (0.0485) 
Bery l l ium 1.83 
(0.066) 
Young's Modulus 
GN/m2 
(ks i )  
207 
(30,000) 
103 
( 15,000) 
73.8 
(10, 700) 
42.75 
(6200) 
293 
(42, 500) 
Yield S t r e s s  Poisson '  s 
G N / m 2  Ratio 
(ks i )  
2.07 0.25 
(300) 
0.483 0.315 
(70) 
0.124 0.43 
(18) 
4.00 0.09 
(58) 
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TABLE 3. hlECHANICAL P R O P E R T I E S  USED FOR FILAMENTARY AND BINDER MATERIALS 
S U R V E Y E D  FOR COMPOSITES 
I.' i l  a I 1 )  e nt  s 
Hinders  __- 
"Ep1sy"  
" L i g h t - A l l o y  I" 
" .bf a g  n P s i u  m " 
" L i q h t - A l l o y  11" 
" L i g h t - A l l o y  111" 
"l\ iJron" 
"Tit  a n i i i m "  
"Steel" 
Young ' s  Modu lus  
GNImL 
( k s i )  
72.45 
( I O ,  500) 
72.45 
( I O ,  5 0 0 )  
1 I O  
(16,000) 
183 
(26 ,  500) 
LO7 
(30.000) 
276 
( 4 0 , 0 0 0 )  
4 1 4  
(60,000)  
518 
(75,000) 
3.45 
(500) 
103. 5 
( 1  5.000) 
51.75 
(7500) 
103.5 
207 
(30, 000) 
414 
(60,000) 
103.5 
( 1  5, 000) 
207 
( 1  5, 000)  
( 3 0 , 0 0 0 )  
M S / m  Dens 
( i'c i) 
2. 56 
(0.09 14) 
2. 56 
(0.0914) 
2. 56 
(0.0914) 
2.44 
(0.087) 
7.9 
(0.283) 
1.85 
(0.066) 
2.32 
4.0 
(0.083) 
(0. 143) 
1.40 
(0.050) 
1.40 
(0.050) 
2.10 
(0.075) 
2.10 
(0. 0 7 5 )  
2.10 
(0.075) 
2.10 
(0.075) 
4.20 
(0. 150) 
8.40 
(0. 300) 
Poisson's Ratio 
0.20 
0.20 
0.20 
0.20 
0.25 
0.09 
0.20 
0.20 
0.35 
0.30 
0. 30 
0.30 
0.30 
0.30  
0.30 
0.30 
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Figure 2. Reference Weight-Efficiencies of Idealized, Metal-Faced 
Sandwich, Cylindrical Shells for  Various Intensities of Axial 
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Figure 4. Shell Weight-Efficiencies of Steel Fibers  in 30 Volume Percent 
Epoxy Binder, and Comparison with Metal Efficiencies 
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Figure 5. Shell Weight-Efficiencies of Boron and Alumina F ibers  in 30 
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Figure 8. Shell Weight-Efficiencies of Solid and Hollow E-Class Fibers in 
30 Volume Percent Epoxy Binder, and Comparison with Metal 
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Figure 9. Ratio of Bounds for the Transverse Elastic Moduli of Hollow and 
Solid Fiber  Composites 
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